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Abstract
Hydroxyapatite (HAp) whiskers were prepared in reaction of calcium lactate pentahydrate and orthophosphoric acid. Synthe-
sis were carried out in different conditions with using hydrothermal reactor. The benefit of the hydrothermal technique is the 
simple and precise control of the HAp crystals morphology, which is achieved by employing varying initial concentrations of 
starting reagents as well as different conditions of synthesis. The effect of time of synthesis, stirring and heating rate of the 
reaction on HAp morphology and composition was investigated. During the synthesis the following experimental parameters 
were varied independently: time of synthesis (3, 5, 7 h), stirring rate (0, 62.5, 125, 250, 500, 750 rpm), the reaction heat-
ing rate (0.2, 0.5, 0.7, 1.0, 1.5, 2.5 °C min−1). All syntheses were carried out with the constant molar Ca/P ratio of 1.67 in 
starting solutions, which is equivalent to that of stoichiometric HAp. The Ca2+ ion concentrations in starting solutions for 
synthesis were 0.05 and 0.1 mol dm−3. Syntheses were carried out under 20 bar. The obtained products were characterized 
using different method like XRD, SEM, and FTIR. It was shown that the significant majority of samples prepared were 
identified as pure HAp.
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Introduction

Calcium phosphates (CaPs) biomaterials are one of the most 
promising materials for applications in bone replacement or 
regeneration due to their excellent biological properties and 
similarity to the mineral component of the bone [1, 2, 3].

Across all various bioactive CaPs, hydroxyapatite (HAp) 
is the most widely used ceramic for bone tissue repair and 
reconstruction [4]. HAp is similar in composition to the min-
eral component of bone and teeth. Due to similarity HAp has 
been considered as one of the most bioactive and biocompat-
ible materials for dental and biomedical applications [5].

Thanks to the distinguished properties such as bioactiv-
ity, biocompatibility, and osteoconductivity, HAp plays an 
important role [6, 7]. As a result of their biological activity 
and special adsorbability towards different ions and organic 

particles, hydroxyapatite has found application not only as 
artificial bones, scaffolds or bone filler for tissue engineer-
ing [7] but also as drug delivery carriers (like antibiotics, 
hormones, growth factors, antibacterial, anti-anflammatory, 
bone regenerative drugs) [8, 9], bioimaging [10], catalysts or 
catalysts carrier [11, 12], remineralizing agent in toothpastes 
[13], orthopaedic and dental implant coating [14] and adsor-
bents [15]. Also, nanocomposites derived from magnetic 
hydroxyapatite can be obtained by a variety of method [16].

For many of the above-mentioned applications fibrous 
materials seem to be interesting due to their high surface 
area and resemblance to the fibrous structure at bone [17]. 
Moreover, reinforcement by fibres or whiskers has been con-
sidered as an effective way of improving mechanical prop-
erties [18, 19]. In comparison with most available bio-inert 
fibres or whiskers, the most promising reinforcements seems 
to be CaP-based materials as a results of their good bioac-
tivity and biocompatibility [5, 20]. Hence, HAp whiskers 
may be effective in improving both mechanical performance 
and adhesion to bone and implant surfaces [5]. Interesting 
application of whiskers is also possibility to use to fabri-
cate a free-standing membrane with exhibiting a unique bird 
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nest-like microstructure for separate the Au nanoparticles 
(3 nm) [22].

Hydroxyapatite whiskers can be prepared by a variety of 
methods [17, 22, 23, 24, 25, 26, 27, 28, 29, 30], amongst 
which are the wet chemical routes, including homogene-
ous precipitation [22, 23], decomposition of Ca-chelate [24, 
25], dissolution–reprecipitation [26], hydrolysis with micro-
wave heating [27], and the hydrothermal method [28, 29, 
30]. Also, submicron hydroxyapatite fibres were fabricated 
by electroblowing [17]. Well-crystallized whiskers can also 
be easily obtained by various facile hydrothermal methods 
from aqueous solution containing calcium and phosphate. 
Hydrothermal method is a useful method of preparing large 
and non-aggregated crystals and whiskers with high purity, 
low dislocation density, controllable aspect ratio, and high 
crystallinity [5, 31].

The hydrothermal method can be also used for obtaining 
various derivatives of phosphate like as zirconium phosphate 
[32].

Recently, calcium lactate pentahydrate and creatine phos-
phate disodium salt tetrahydrate were used for microwave 
hydrothermal synthesis of hierarchical mesoporous struc-
tured hydroxyapatite microflowers [33].

Morphology and phase content of product obtained dur-
ing hydrothermal synthesis may depend on many parameters 
like initial Ca+2 ion concentration, molar Ca/P ratio, temper-
ature and pressure of reactions, pH of solutions [24, 34, 35, 
36, 37]. Nevertheless, it turns out that other factors, such as 
time of synthesis, stirring rate, the reaction heating rate can 
also have a great influence on morphology and phase content 
on the synthesized hydroxyapatite particles [38].

Also, the effect of the reaction temperature on the mor-
phology of nanoHAp was investigated [39]

The purpose of this work was to obtained HAp whiskers 
directly from reaction between calcium lactate pentahydrate 
and orthophosphoric acid. As this reaction is based on che-
late decomposition, the effect of different: reaction time, 
reaction heating rate and stirring rates on HAp morphology 
and phase content was investigated in detail. Received prod-
ucts were analysed by scanning electron microscope (SEM), 
Fourier transform infrared spectroscopy (FTIR) and X-ray 
diffraction method (XRD). In addition, the results of thermal 
analysis of the obtained products were presented along with 
a discussion of the presented reaction processes.

The observed dependencies in this study remain in cor-
relation and complement the results presented in our earlier 
work describing the influence of: reagents concentrations, 
solution pH, and reaction temperature and pressure on the 
morphology and phase content of HAp obtained in hydro-
thermal synthesis between calcium lactate pentahydrate and 
orthophosphoric acid [40].

With regard to the literature review, no data about the 
hydrothermal synthesis with the direct use of calcium lactate 

pentahydrate and orthophosphoric acid have been published. 
To our knowledge, in this work for the first time the effect of 
reaction condition on whiskers morphology and their phase 
composition during decomposition of calcium lactate pentahy-
drate chelates was presented.

The advantage of the presented method is the facile but pre-
cise control of the HAp crystals morphology and great product 
purity which is necessary for biomedical utilizations.

Also, the advantage of this synthesis is possibility to 
obtain product of different morphology like whiskers and 
hexagonal rods depending on the reaction conditions. The 
obtained Hap of different morphology can be use likes filler 
in composites applied in biomaterials.

Experimental

Chemicals

The main substrates for the synthesis were calcium lactate 
pentahydrate C6H10CaO6·5H2O and orthophosphoric acid 
H3PO4. Both compounds were pure p.a and obtained from 
Chempur®, Poland.

Preparation

Hydroxyapatite have been prepared by the hydrothermal 
method. Synthesis were carried out in various conditions 
with using a stainless steel reactor (Büchiglasuster®, min-
iclave steel type 3/300 mL, 100 bar) enabling heating of 
aqueous solutions to high temperatures up to 200 °C.

HAp products were synthesized from aqueous solutions 
containing calcium lactate pentahydrate and orthophos-
phoric acid. The molar Ca/P ratio in the solution of 1.67, 
corresponding to stoichiometric Hap, was respected.

The calcium lactate pentahydrate was dissolved in deion-
ized water, to make a homogeneous solution and then a solu-
tion of orthophosphoric acid was added. The mixed solutions 
were poured into a reaction vessel and heated at temperature 
set value. During hydrothermal synthesis, the temperature 
and pressure inside of reactor were regularly monitored.

Upon completion of each reaction the vessel was cooled 
to ambient temperature (∼25 °C) overnight. The product 
was then filtered off, washed quickly with deionized water 
four times, and finally dried in air in the laboratory dryer at 
100 °C for at least 6 h. The description of used temperature 
controller, thermocouple and pH measurement is presented 
in paper [40].
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Characterization

Scanning electron microscopy (SEM)

Microscopic observations, sample morphology and local 
microstructure analysis of the obtained whiskers were per-
formed using a field emission scanning electron microscope 
(Nova NanoSEM200, FEI). Width and length of the obtained 
whiskers were determined on the basis of microscopic images 
using measurement and annotation functions on the sample 
area. A detailed description of SEM used is presented in the 
work [40].

X‑ray diffraction method (XRD)

The phase composition products obtained by hydrothermal 
synthesis were analysed by Bragg- Brentano X-ray diffrac-
tion method (XRD) on a Bruker-AXS D8 DAVINCI dif-
fractometer designed for a copper anode tube.

Crystalline phases were identified in DIFFRACplus 
EVA-SEARCH software with recorded diffraction patterns 
and standards from ICDD PDF-2, PDF-4 + 2016 databases 
and the Crystallography Open Database (COD). Quantita-
tive analysis was carried out using the Rietveld method in 
the Topas v.50 software, based on published crystalline 
structures (COD). A detailed description of the methods 
applied in the present study can be found in paper [40].

Fourier transform infrared spectroscopy (FTIR 
spectroscopy)

Functional groups of the samples were identified by FTIR. 
Measurements of absorbance were made using a TEN-
SOR 27 (BRUKER) equipped with a DLaTGS detector. 
The analysis was performed in the wavelength range from 
400 cm−1 to 4000 cm−1. The samples were prepared as 
pressed pellet shape KBr moulds.

Thermal analysis

Phase changes and thermal decomposition of hydroxyapa-
tite were studied by thermogravimetric analysis (TG) and 
differential thermal analysis (DTA).

Thermal analysis was carried out on a STA 449 Jupiter 
F1 apparatus from Netzsch (Gerätebau GmbH, Germany).

Each sample mass was about 20 mg. Before measure-
ment, each sample was ground into fine powder using an 
agate mortar and pestle and next it was dried in laboratory 
dryer by 19 h in 90 °C. TG–DTA measurements carried 
out in the range of temperature from 25 to 1550 °C with 
a heating rate of 10 °C min−1 in argon atmosphere (flow 
rate: 70 mL min−1). For each sample carried out separate 
measurement corrective on the empty crucible.

Results

Synthesis

In the case of the attempts to synthesize HA whisk-
ers using chemical methods that decompose chelates, 
described earlier in the literature, an inability to replicate 
the whiskers morphology (e.g. shape factor) was observed. 
Further research revealed that the heating rate of the reac-
tion is a critical parameter, infrequently described in the 
published works [38]. Since the synthesis between calcium 
lactate pentahydrate and orthophosphoric acid can be reg-
ulated by the controlled release of calcium into the solu-
tion, we set out to study whisker morphology and phase 
composition as a function of heating rate. We investigated 
also mixing speed and the effect of different reaction time 
on the products morphology.

At the time of the reaction the following searching fac-
tors were changed independently: time of the synthesis 
(3 h,5 h,7 h), the stirring rate (0 rpm, 62.5 rpm, 125 rpm, 
250 rpm, 500 rpm, 750 rpm), the reaction heating rate 
(2.5 °C min−1, 1.5 °C min−1, 1.0 °C min−1, 0.7 °C min−1, 
0.5 °C min−1, 0.2 °C min−1). The Ca2+ ions concentrations 
in starting synthesis solutions were 0.05 mol dm−3. The 
influence of the reaction time on the morphology of the 
obtained products was tested at two Ca2+ ions concentra-
tions in starting synthesis solutions of 0.05 mol dm−3 and 
0.1 mol dm−3. The molar Ca/P ratio in starting solutions 
was 1.67. The influence of chosen parameters on the mor-
phology and phase composition of the synthesized products 
is shown in Table 1.

The effect of heating rate on the obtained products 
character

The results and conditions of synthesis performed in a tempera-
ture of 200 °C under a pressure of 20 bar for starting solutions 
with Ca2+ion concentration of 0.05 mol dm−3, with the reaction 
heating rate: 2.5, 1.5, 1.0, 0.7, 0.5, 0.2 °C min−1 were shown in 
Table 1 (I), whereas SEM micrographs of the received prod-
ucts were presented in Fig. 1. The diffraction patterns of prod-
ucts obtained with the reaction heating rate 2.5, 1.5, 1.0 and 
0.7 °C min−1 can be allotted to a pure crystalline hydroxyapatite 
phase, which is in an excellent agreement with the reference data 
(PDF no. 00–009-0432). No peaks for any other phases were 
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determined for this specimen. However, when the reaction heat-
ing rate is 0.5 or 0.2 °C min−1, also the peaks of β-TCP appeared. 
The peaks obtained were compared with standard references 
in PDF file available in software for whitlockite, β-TCP (no. 
00–055-0898).

The phase composition of the obtained products was con-
firmed by FTIR. Figure 2 presents the characteristic FT-IR 
spectra of three specimens obtained with different reaction 
heating rate of synthesis. For sample a, b, c the reaction heat-
ing rate was 2.5 °C min−1, 0.5 °C min−1, 0.2 °C min−1, respec-
tively. Analysis of the chemical structure using FTIR shows 
that for HAp and β–TCP, the peaks in range 562–604 cm−1 
and 962–1094 cm−1 can be assigned to the phosphate group 
(PO4) [41, 42, 43]. Bands in range 562–604 cm−1 correspond 
to anti- symmetric P-O bending triply degenerate (ν4). Absorb-
ance band in range 962–969 cm−1 is assigned to symmetric 
P-O stretching (ν1). Whereas bands in range 1029–1094 cm−1 
correspond to anti-symmetric P-O stretching triply degenerate 
(ν3). The weak peak at range of 473–476 cm−1 is component 
of the doubly degenerated bending mode, (ν2) of the O–P–O 
bonds of the phosphate group PO4. The characteristic peak 
3571 cm−1 was assigned to the stretching mode of hydroxyl 
group (OH−), while the bending vibrational mode of hydroxyl 
group occurred in a peak at 634 cm−1 appear in HAp samples. 
It is apparent negligible shift of this band at 635 cm−1 and at 
636 cm−1 in dependence of decrease of content of HAp phase. 
Besides, this peak cannot be seen in TCP since chemical struc-
ture of TCP lack OH− group. It is worthy of note that the broad 

absorption peak at about 3400 cm−1 and transmission band 
at 1647–1614 cm−1 is allotted to adsorbed water molecules 
[44, 45]. The peaks associated to gaseous CO2 (dissolved) are 
detectable in range 2360–2366 cm−1 and 2341–2344 cm−1 
[46]. Thus, in FTIR pattern of BCP, in addition to peaks of 
PO4

3− and CO3
2−, the peaks of OH- groups can also be visible 

[43].
Reaction heating rate of hydrothermal synthesis also 

influences HAp morphology. HAp in the shape of whisk-
ers was obtained during the synthesis with the heating rate 
of 2.5 °C min−1 (Fig. 1a). HAp in the form of hexagonal 
rods was obtained during reaction with the heating rate of 
1.5 °C min−1 and 1.0 °C min−1 (Fig. 1b, 1c). HAp in the 
form of bundles of hexagonal rods were received during 
reaction with the heating rate of 0.7 °C min−1 (Fig. 1d). 
The hexagonal rods consisted of HAp (98%) and calcium 
phosphate (2%) were obtained during reaction with the 
heating rate of 0.5 °C min−1 (Fig. 1e). The hexagonal rods, 
consisted of HAp (92.8%) and calcium phosphate (7.2%) 
were obtained during reaction with the heating rate of 
0.2 °C min−1 (Fig. 1f).

The influence of the reaction time 
on the synthesized products character

The dependence of phase composition and dimensions of 
the received products on the reaction time was determined 
for reaction performed during 3, 5 and 7 h, at a temperature 

Fig. 1   SEM images of products synthesized in hydrothermal syn-
thesis carried out at: 200  °C, 20  bar, 5  h, Ca2+ ion concentration 
of 0.05  mol  dm−3, for reaction heating rate: a 2.5  °C  min−1 (58.4–

111.1  μm), b 1.5  °C  min−1 (28–61.9  μm), c 1.0  °C  min−1 (22.2–
41.8  μm), d 0.7  °C  min−1 (11.1–24.4  μm), e 0.5  °C  min−1 (15.3–
34.5 μm), f 0.2 °C min−1 (22.3–38.6 μm) (magnification of 2500 ×)
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of 200 °C, in a pressure p = 20 bar, for two starting solu-
tion concentrations of Ca2+ equal to 0.05 mol dm−3 and 
0.1 mol dm−3. The results and conditions of the synthesis 
were presented in Table 1 (II). As can be seen, pure HAp 
was the product of all the synthesis, regardless of the reac-
tion time. For the reaction with Ca2+ ion concentration of 
0.05 mol dm−3 the phase composition was confirmed also 
by FTIR spectra of the products of synthesis (Fig. 3).

The morphology of the obtained products was also 
presented on SEM images (Fig. 4). As can be seen, the 
form of the obtained products changed with the change 
in reaction time. The smallest HAp particles in form of 
short hexagonal rods (length 10–22 µm) were obtained 
during 3 h synthesis. For the 5 h synthesis HAp in form of 
long whiskers created characteristic sheaf bundles (length 
58.4–111.1 µm) was obtained. The further increase in reac-
tion time affects the obtaining of HAp particles in form 
of hexagonal rods again with significant smaller length 
(27.8–69.5 µm).

As shown in Table 1 (II) for the reaction with Ca2+ ion 
concentration of 0.1 mol dm−3, the reaction products are 
received in the same shape (hexagonal rods) for various 
reaction times. As the reaction time increases, the length 
of the obtained particles also increases.

The effect of stirring rate on the obtained products 
character

Stirring rate during hydrothermal synthesis has signifi-
cant impact on HAp morphology [19]. The effect of stir-
ring rate on phase composition and morphology of the 
obtained products was determined for synthesis performed 
at 200 °C, under 20 bar, for starting solution concentration 
of Ca2+  = 0.05 mol dm−3 and with stirring rate of 0 rpm, 
62.5 rpm, 125 rpm, 250 rpm, 500 rpm and 750 rpm. Reac-
tion parameters and the obtained results were presented in 
Table 1 (III). The products morphologies were shown in 
Fig. 5. During the reaction without stirring (Fig. 5 (a)), 
HAp in the form of as well thin whiskers agglomerates 
as hexagonal rods was obtained. The use of slow mixing 
(stirring rate of 62.5 rpm) during the process resulted in 
obtaining of morphologically more homogeneous product, 
mostly in the form of longer whiskers with a little amount 
of hexagonal rods. The most homogeneous product and the 
longest whiskers (40–110 μm) in sheaf bundles form were 
obtained for stirring rate of 250 rpm. The further increase 
in stirring rate up to 500 rpm and 750 rpm resulted in the 
formation of short hexagonal rods and short whiskers as 
reaction products, respectively.
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Thermal analysis

For two samples of HAp obtained during hydrothermal reac-
tion with calcium lactate pentahydrate and orthophosphoric 
acid, thermal stability tests were carried out. The selected 
products were formed in a reaction conducted using the 
same concentrations of Ca2+ ions, under the same condi-
tions (200 °C, 20 bar) but at different reaction times (5 h 
and 3 h). Figure 6 shows DTA/TG, DTG/TG and DTA/DTG 
plots obtained during the tests. There are characteristic broad 
exothermic peaks in range of 400–1100 °C on the DTA plots 
for both tested products. There are also three regions of mass 
loss visible on the plots.

The first region of mass loss occurs in temperature 
range of 400–600 °C. For a 3 h synthesis the sample mass 
decreases by 0.42% in range of temperature 424–610 °C, 
whereas for a 5 h synthesis the sample mass decreases by 
0.72% in range of temperature 374–632 °C. The peaks for a 
3 and 5 h synthesis are visible on DTG plots at 571.3 °C and 
590.0 °C, respectively.

The second region of mass loss occurs around 800 °C. For 
a 3 h synthesis the sample mass decreases by 1.0% in range 
of temperature 610–882 °C, whereas for a 5 h synthesis the 
sample mass decreases by 0.74% in range of temperature 
632–890 °C. For a 3 and 5 h synthesis the peaks at 824.7 °C 
and 834.5 °C, respectively, are visible on DTG plots.

The last region of mass loss occurs around 890–1350 °C. 
For a 3 h synthesis the sample mass decreases by 1.10% in 
range of temperature 882–1345 °C, whereas for a 5 h syn-
thesis the sample mass decreases by 0.74% in range of tem-
perature 890–1364 °C.

To characterize products created during thermal analysis, 
the phase analysis of the residue from the sample subjected 
to thermal analysis was carried out. Figure 7 shows the 
XRD patterns of the sample before thermal analysis (HAp 
obtained in the hydrothermal reaction while maintaining the 
Ca2+ concentration equal to 0.1 mol dm−3 and conditions 
of 200 °C, 20 bar, in time of 3 h) and of this sample after 
thermal analysis carried out in range of 25 °C -1550 °C. The 
signals on diffraction pattern for the starting sample before 
thermal analysis are consistent with signals of standard pat-
tern of HAp (PDF no.09–0432), suggesting the presence of 
single phase HAp in the sample. All the diffraction peaks for 
sample obtained after heating are identical with signals char-
acteristic for alfa-calcium phosphate (α -Ca3(PO4)2,α-TCP) 
(COD no. 2106194) [47] and tetracalcium phosphate (TTCP, 
Ca4(PO4)2O, COD no. 9011144) [48] what is consistent with 
literature data [49, 50, 51].
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Fig. 3   FTIR spectra of products obtained in time of: (a) 3, (b) 5 and (c) 7 h, at a temperature of 200 °C, and pressure of 20 bar, for Ca2+ ion con-
centration of 0.05 mol dm−3
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Discussion

The influence of process reaction on properties 
of the obtained products

The morphology of HAp particles obtained during hydro-
thermal synthesis is affected among others by the heating 
rate of the reaction mixture. This is especially noticeable for 
reactions involving chelate decomposition. According to our 
observations, the various heating rates let receive various 
shapes and dimensions of HAp particles (Table 1). For high 
heating rates (2.5 °C min−1), sheaf-like particles are formed, 
and for lower heating rates, well-developed HAp crystals 

in the shape of hexagonal rods can be seen. According to 
scientific papers data [38] the number of powder particles 
decreases with decreased heating rate. This probably allows 
in our synthesis the particles to grow slowly in a certain 
plane and formation of well-formed crystals and form of 
hexagonal rods. Moreover, according to published works 
data the mean length of whiskers increases and the mean 
width of whisker decreases with decreased heating rate 
[38]. However, our results remain the opposite to these data 
and we stated that dimensions of the obtained particles are 
strictly connected with particles forms. For HAp in hexago-
nal form both the length and the width of particles increased 
with decreased heating rate and the biggest dimensions were 
for the heating rate of 0.7 °C min−1.

Fig. 4   SEM images at 2500 × magnification of products of hydrothermal synthesis (20  bar, 200  °C) for: a 3  h, Ca2+ concentration 
0.05 mol dm−3, b 5 h, Ca2+ concentration 0.05 mol dm−3, c 7 h, Ca2+ concentration 0.05 mol dm−3

Fig. 5   SEM images at 2500 × magnification of products of hydrothermal synthesis (200 °C, 20 bar, 5 h, Ca2+ concentration 0.05 mol dm−3) for 
stirring rate in rpm: a 0, b 62.5, c 125, d 250, e 500 and f 750
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From the results received and the data presented in 
Table 1 it can be deduced that the results received are 
impacted by many factors at the same time. For instance, 
the dimensions of the obtained particles cannot be related 

solely for the sole change in Ca2+ ion concentration or reac-
tion time. The form of molecules formed in the in situ reac-
tion plays a great role. Some concentrations, reaction time or 
heating rate are deficient to receive well-formed molecules, 

Fig. 6   Thermal analysis of 
HAp synthesised by hydro-
thermal method (200 °C, 
20 bar, calcium concentration 
Ca2+ = 0.2 mol dm−3, reaction 
time: (a) 5 h, (b) 3 h): A DTA/
TG plots, B DTG/TG plots, C 
DTA/DTG plots
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for which an analysis of the dependence on a given factor 
can be carried out.

Thermal analysis

High temperature processing of hydroxyapatite-based 
materials is important for biomedical applications and this 
involves of need for familiarity and recognition of thermal 
stability and transitions during heating. Thermal treatment 
of HAp impacts in a series of physicochemical processes 
that depend on the receiving conditions of samples and 
extensively affect subsequent behaviour of the material [52].

In order to clarify all processes that can occur during 
heat treatment, thermal stability of HAp whiskers at elevated 
temperatures was investigated. On the DTA plots a broad 
peak in range of 400–1100 °C is visible. This peak con-
sists of several peaks that correspond to different overlap-
ping processes. First process (around 400–630 °C) is con-
nected with the water loss within the network. It is lattice 
water, chemically bounded water inside the pore or released 
of chemisorpted water [52, 53]. The second process (in 
a temperature of 885.7 °C and 885.9 °C for 3 h and 5 h 
synthesis respectively) is related to dehydroxylation [52, 
53]. According to literature data [54] as the temperature 
increases, HAp loses OH− groups and gradually transforms 
into oxyhydroxyapatite (OHAp) and OHAp is transformed to 
oxyapatite (OAp). Dehydroxylation of hydroxyapatite starts 
at temperatures at about 900 °C in air and 850 °C in water-
free atmosphere and occurs in two steps, in accordance with 
the reaction 1 and 2 [55]:

T h e  h y d r o x y l  i o n - d e f i c i e n t  p r o d u c t , 
Ca10(PO4)6(OH)2-2xOx	�  □x (□ = a hydrogen vacancy, 
x < I) is known as oxyhydroxyapatite (OHAp), Ca10(PO4)6O 
is oxyapatite (OAp) [56].

Next, OAp decomposes above 1050 °C into a mixture 
of tetracalciumphosphate (TTCP) and tricalciumphosphate 
(TCP) in accordance with reactions (3) and (4) [52, 54]:

where Ca4(PO4)2O is TTCP and Ca3(PO4)2 is TCP.
HAp can also decompose according to the reaction [52]:

It’s also known from literature data [57] that in the range 
of 890–1360 °C further dehydroxylation occurs. According 
to reaction (6) during the transformation of HAp to β-TCP 
additional water is produced. The loss of this water occurs 
between 850 and 1120 °C [57].

TCP has three polymorphic forms: β, α and α’ [57]. The 
β-TCP form is stable up to 1125 °C and transforms to α-TCP 
form, which is stable in a temperature: 1125–1430 °C [54, 
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57], whereas. α’-TCP exists above 1430 °C [57]. As can be 
seen on Fig. 6 on DTA plot an endothermic peak connected 
with polymorphic transformation of α -TCP into α’-TCP in 
temperature around 1430 °C is visible. It’s known that the 
α’-TCP polymorph spontaneously transforms to α-TCP on 
cooling and cannot be retained at room temperature even by 
quenching [57].

To confirm the processes occurred during thermal analy-
sis, the phase composition of the residue from sample sub-
jected to thermal stability tests was specified. XRD analysis 
confirmed the presence of HAp decomposition products. 
The XRD pattern of the sample after TG/DTA analysis, 
shows the presence of 30.3% of alpha-calcium phosphate 
(α-TCP) and 69.7% of tetracalcium phosphate (TTCP). The 
absence of characteristic signals for hydroxyapatite indicates 
its completely decomposition [42, 54].

Conclusions

In this work, we focused on the synthesis with application 
with calcium lactate pentahydrate and orthophosphoric acid. 
HAp whiskers have been successfully synthesized with a 
facile and economic hydrothermal method with the use of 
cheap reactants, and simple experimental procedure. The 
effect of time of synthesis, the reaction heating rate, and 
stirring rate on hydroxyapatite composition and morphology 
was researched.

Hydrothermal method gives great opportunities for pro-
duction of varied hydroxyapatite whiskers, which has impor-
tance for designing composite materials. Hydrothermal syn-
thesis allows effective control of morphology of HAp by 
change in condition of synthesis.

This study presented the structural and thermal properties 
of synthetic samples containing HAp. The used SEM, FTIR, 
XRD and thermal analysis provides additional information 
about the samples and their composition. XRD analysis con-
firmed the presence of products of HAp decomposition. The 
XRD pattern of HAp sample after TG/DTA analysis shows 
the presence of 30.3% of α-TCP phase and 69.7% of TTCP 
phase. The morphology and crystallinity of the products 
depended on the synthesis temperature and time as well as 
the concentrations of soluble calcium and phosphate ions. 
The temperature, stirring rate and reaction heating rate had 
relatively little effect on the width of HAp whiskers.

The advantage of this presented method is obtaining pure 
hydroxyapatite of different morphology like whiskers, hex-
agonal rods and nano rods without the use of organic addi-
tives that can contaminate the product.
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